Results from several recent studies suggest that there are lateral heterogeneities of up to a few per cent in the lowermost 150-200 km of the mantle (Bullen's D" region). Inferred anomaly sizes span the range from less than 50 km to greater than 1000 km.
Introduction
Large-scale lateral heterogeneities in the seismic velocity structure at the base of the mantle (the D" region) have been proposed in several studies. Based on a travel-time study using P arrivals from deep-focus earthquakes, Julian & Sengupta (1973) presented evidence for velocity anomalies of at least 1 per cent in the mantle at depths greater than 2000 km of lateral extent about 1000 km. Similar results were found by Sengupta, Hassell & Ward (1981) in a study using both P-and S-waves from intermediate-depth and deep-focus earthquakes. Qualitative agreement with these results was found for P-waves by Dziewonski, Hager & O'Connell(1977) , Dziewonski (1984) and Clayton & Comer (1984) and for S-waves by Lay (1983) . All these studies used regionalizations which result in spatial low-pass filters. Hence, they do not preclude the possibility of smaller scale heterogeneities with possibly larger perturbations.
Other studies have demonstrated directly the existence of smaller scale velocity heterogeneities. From the larger scatter in the arrival times of diffracted waves compared with those of body waves at distances less than 96", Sacks (1967) concluded that there were either velocity variations in the lower mantle or a rough core-mantle boundary. Haddon & Cleary (1974;  see also Husebye, King & Haddon 1976) showed that the hypothesis of scattering on or near the mantle-core boundary provides a comprehensive interpretation of observed precursors to PKZKP. If this scattering is in the lowermost mantle, the scale of the heterogeneity is 40-150 km with a mean velocity variation of about 1 per cent. Doornbos (1978, 1981) studied the rough-boundary model, and showed that the observations could be explained by scattering at a core-mantle boundary which has topography of up to a few hundred metres over lateral distances of a few tens of kilometres. Array observations of anomalous PKKP arrivals have also been interpreted as resulting from such a roughness on the core-mantle boundary (Chang & Cleary 1978 , 1981 Doornbos 1980) , and Scott & Helmberger (1 983) hypothesize that variations of long-period SHcSHSH amplitude ratios in the range 65"-7O0 are caused by a bump on the core-mantle boundary which is 8-10 km high and several hundred kilometres wide.
At distances between 155" and 175", the A B branch of the core phase PKP enters the core at near-grazing incidence, whereas for the same earthquake-station pair, the DF branch enters the core at near-normal incidence (Fig. 1) . Sacks, Snoke & Beach (1979, henceforth referred to as SS&B) showed that significant anomalies exist in observed short-period J. A. Snoke and I. S. Sacks   Figure 1 . Regions of the Earth ( I -4) and seismic ray paths for phases PKPAB and PKPDF for the same (surface) source and receiver. Note that the A B branch has a much longer path than does the D F branch in the lowermost mantle (region 2 ) .
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PKPAB:PKPDF amplitude ratios for given earthquake-station pairs. Clark & Pearce (1981) suggest that these differences in distributions might be due to source effects. In reply, Sacks & Snoke (1981) showed that source effects contribute at most to scatter in the data. SS&B showed that the amplitude-ratio anomalies are due to propagation-path effects and are correlated with the regions of the core-mantle-boundary crossings of the AB rays. This is probably because heterogeneities in the velocity structure in the region adjacent to an interface result in larger deflections of elastic waves with near-grazing incidence than of those with near-normal incidence. Two types of regions were identified: N (normal) regions (referred to as L regions in SS&B) and A (anomalous) regions. For an N region the observed amplitude-ratio distribution is consistent with the predicted amplitude-ratio distribution for a spherical Earth model such as the PREM model (Dziewonski & Anderson 1981) . Amplitude ratios for A B raypaths which traverse an A region have a distinctly different character: the average observed amplitude ratio is larger and its range is greater.
The SS&B study shows conclusively that there are lateral heterogeneities at the base of the mantle on the scale of 1000 km, the lateral extent of an A region. In this paper we test the hypothesis that the velocity structure in the lowermost 150 km of the mantle is laterally homogeneous within the N regions but laterally heterogeneous within the A regions. Through our models, we derive constraints in the magnitude and distance scale of the heterogeneity within an A region. The motivation for our approach is similar to that used by Haddon & Husebye (1978) and by Butler (1983) : that a layer containing heterogeneities can act as an 'elastic lens' which can focus or defocus seismic energy.
In Section 2 we present data for an A region and an N region and quantify the differences. Section 3 contains discussions of the velocity models and the modelling technique. The results are given in Section 4, and a possible physical model for the D" is presented in the final section.
2 Amplitude-ratio data SS&B discuss in detail the location and character of A and N regions. An example of an A region (SS&B fig. 7 ) extends in latitude from 34-43"s and in longitude from 104-120"W. An example of a N region (SS&B fig. 6 ) extends in latitude from 20-30"s and in longitude from 106-1 20"W. Figs 2 and 3 contain short-period amplitude-ratio histograms for these A and N regions respectively. Before plotting, the ratios have been normalized to the AB:DF ratios calculated using PREM (without a water layer). Also included in these figures are 'box plots' (e.g. Ott 1984, pp. 43-47) , which provide a useful visual presentation of the statistics of the distributions. The A region ratios have a significantly higher mean and a larger standard deviation. These plots contain all events with epicentral distance greater than 155". The differential travel times, LAB -t D F , are within a half second of the expected values. There are no significant systematic patterns in the differential travel times between the two regions.
The attenuation quality factor, Qa, at 1 Hz is less than 1000 in both the lowermost mantle (e.g. Sacks 1972; Anderson & Hart 1978) and the inner core (e.g. Sacks 1971; Cornier 1981 ; Doornbos 1983) . Not taking Q into account results in an overestimate of the amplitude for either A B arrivals or DF arrivals (for A > I S " ) , an overestimate which increases with epicentral distance. For this study we restrict consideration to the epicentral distance range 157.5-167.5". For rays at the extremes of this distance range, the difference in time spent by the A B phase in the lowermost mantle is simdar to the difference in time spent by the DF phase in the inner core, so if the Q is comparable in the two regions, no correction is necessary for the ratios. Differences in Q between the lowermost mantle and the inner core -or differences in attenuation between regions at the base of the mantleresult in distmce-dependent errors that contribute only to the scatter in Figs 3 and 4, Hence we include no Q correction. Figure 4 . Tracings of PKPAB and PKPDF arrivals from long-and short-period seismograms illustrating the possible frequency dependences for large AB/DF amplitude ratios. For the top pair the ratio is large on only the short-period record, for the middle pair it is large on both, and for the bottom pair it is large on only the long-period record.
We have also examined amplitude ratios for a subset of our data that includes long-period phases. Fig. 4 contains tracings of seismograms illustrating observed variations in the frequency dependence of the amplitude ratios. Note that there are examples for which the ratio is relatively large on both long-and short-period records, on only the short-period record, and on only the long-period record.
We discuss now whether other phases could interfere with the PKP arrivals, and the validity, in general, of interpretations based on amplitudes determined from short-period seismograms.
Phases having the potential ofarriving near PKPAB or PKPDF in time and, hence, affecting the analyses are: pPKPAB, pPKPDF and PKPBC. The pPKP phase arrives more than 3 s after the corresponding PKP phase unless the focal depth is less than about 8 km. None of the events studied have focal depths as shallow as that, although several have focal depths of about 30 km with large depth uncertainties. For the PREM model used in our analysis, PKPBC is the dominant arrival up to 152", but has a cut-off at about 153" (for surface foci). Finite frequency synthetics (e.g. Cormier 1981, fig. 4 ) show BC arrivals out to 170" with amplitude decreasing and differential travel time (with DF') increasing with epicentral distance. At 156" the travel-time residual is already 10 s. Observationally (e.g. Sacks & Saa 1971), the BC has negligible amplitude beyond about 156". Hence, none of these potentially relevant phases should affect our analysis or interpretation.
To test the stability of amplitude ratios for short-period data, we studied the variations in amplitudes and in amplitude ratios of the PKP arrivals for a seismic event observed at NORSAR. The event, which occurred on 1974 June 25 with an mh of 5.5 and an epicentral distance of 159.3", had variations in amplitudes across the array of up to 25 dB, but the amplitude ratios varied by only 1.04 f 3.38 dB ~ similar to the spread shown in Fig. 3 . The fact that the emergence angles between the two phases are within 10" dictates that the site effects are about the same for the two arrivals. Site effects therefore contribute to only the scatter in the ratio distributions for rays that have traversed either an A or N region.
Velocity-perturbation models and the modelling technique
The data density is too sparse to justify an attempt to obtain an exact model for regions at the base of the mantle. The spirit of this study is to test the hypothesis that lateral heterogeneities of specific scale lengths and magnitudes for a region at the base of the mantle traversed by PKPAB rays can explain the general characteristics of the data. A model is judged successful if it can satisfy three criteria:
(1) It must be capable of producing larger than normal A B amplitudes at both short and long periods and at only short periods. (As discussed in the caption for Fig. 6 , we do not attempt to model large amplitudes at only long periods in this study.)
(2) It must lead to an amplitude-ratio distribution similar in mean, median and spread to that shown in Fig. 2 for the A region.
(3) The residuals for the differential travel time should not exceed 0.5 s.
In this study we consider two types of velocity-perturbation models for the base of the mantle for an A region at either the coreentry or core-departure crossing for the phase PKPAB: a single-scale (length) lateral variation and a modulation of a perturbation of one scale by a perturbation of a second scale. These are shown in Fig. 5 . Because of their nearnormal incidence at the core-mantle boundary, PKPDF rays are affected less by the perturbations considered. Hence, because we have normalized our observed amplitude ratios to the PREM values, the relevant model ratio reduces to A B m o d e l : A B p~~~ -referred to henceforth as AB,,,, . As the data presented are for core-departure regions, we concentrate on such regions in our modelling for this study. The results presented here are insensitive to the choice of the spherical Earth velocity model; PREM was chosen because it gives the smoothest plot of the AB branch geometrical spreading amplitude versus epicentral distance of the models tested.
The single-scale velocity-perturbation model, labelled (a) in 
[here Vo is the unperturbed velocity, M , is the magnitude of the maximum velocity )erturbation, L , is the 'wavelength' which scales the lateral heterogeneity and !.$I = 1. The )arameter X o is the epicentral distance from the source t o the entry of the laterally heterogeneous region for the initial value of p , the input slowness, and 9, is the corresponding model entry angle for the first ray in a run. For q = 0 the perturbation is symmetric about Vo. For q = 1 and ( = 1 the perturbation is one-sided and negative. If 77 = 1 and . $ = -1, the perturbation is one-sided and positive. We applied models based on equation (1) to ascertain the effects of different length scales and perturbation magnitudes on the amplitude distribution and travel times for
are futed and p is varied over the range 4.240-4.428 s degree-' in increments of 0.0005 s degree-'. The two-dimensional ray-tracing routine used is based on Jacob's (1 970) method. For every model run, the energy for each ray is computed from the ratio of the increment in epicentral distance to the increment in departure angle (e.g. Bullen 1963, p. 126 ). The ray energies are then sorted into 0.05" bins for epicentral distances in the range 157.5-1157.5". Energies from different traveltime branches are added incoherently. The square root of these energies produces the amplitudes used for comparisons among models and for comparisons between models and data.
The ray-tracing analysis we employ is an infinite-frequency model which is invalid at caustics. We include a high-amplitude cut-off (of about 6 times the expected value), and our method of averaging over 0.05" bins is effectively a low-pass filter with a corner at about 1 Hz.
When making comparisons with the data, we include only events in the modelled epicentral distance range, 157.5-167.5". This restriction reduces the total number of events, but has an insignificant effect on the amplitude-ratio distributions.
A feature of models based on equation (1) is that the perturbation starts and stops as a function of X , which is unlikely to occur in the Earth. We accordingly developed and tested a second type of velocity perturbation, ( b ) , in 
where E is defined by equation (lb), and The use of ray tracing to calculate travel times and amplitudes is valid if the properties in the medium change slowly over distances on the scale of wavelengths of interest. The two such changes that are relevant in this study are the vertical change in velocity at the coremantle boundary and the modelled lateral change in velocity. Richards (1976) discussed the validity of geometrical optics for rays with core-grazing incidence. He showed that for -1 s period the ray theory approximation begins to break down for p = 4.42 s degree-' for the €31 velocity model, which corresponds to about 4.40 s degree-' for the PREM model. Hence, calculated PKPAB amplitudes may be suspect for epicentral distances greater than 167", the upper range of the distance range considered herein. Because of the rnodel comparisons made in this study ~ amplitude ratios for phases whose raypaths traverse different velocity structures at the base of the mantle ~ we anticipate any such corrections to be of higher order. However, we also judge that this point warrants further study.
Ray theory is valid for our modelled lateral variations so long as the wavelengths of interest are less than I V/(d V/ax> I which is L /(.rrMl j for equation (1). For equation (2), because L,/M, > L ,MI for models considered, the limit remains L /(nM1 1. The upper limit for wavelengths in this study is about 100 km. This constraint, coupled with a maximum allowed travel-time residual of 0.5 s, provide limits on the combinations of scale lengths and perturbation magnitudes. Even in the context of geometrical optics, the fact that the AB phase is on a back branch of the travel-time curve means that it will be (approximately) Hilbert transformed relative to the DF waveform (e.g. Choy & Richards 1975) . Our method of determining amplitudes is to measure the maximum peak-to-peak excursion. For narrow-band signals, amplitudes determined this way are little affected by phase shifts (e.g. fig. 11 in Choy & Richards 1975) , and hence the phase shifts should in turn have little effect on the calculated amplitude ratios.
We interpret the observed frequency dependence of the amplitude ratios as resulting from a frequency dependence of the AB amplitude ~ i.e. the DF amplitude is treated as independent of frequency because of its relative insensitivity to the perturbations. Fig. 6 illustrates an empirical explanation for the different types of observations. Our geometrical optics-based model, strictly interpreted, cannot distinguish between large amplitudes at all frequencies and at only high frequencies. We assert that if a model produces a high- 
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809 amplitude region at the Earth's surface of lateral extent R , large amplitudes can be expected for all wavelengths of order R or smaller. We accordingly require that a successful model has R's that range up to a degree for AB amplitudes that are at least 1.5 times the PREM amplitudes (at the same epicentral distance).
Results from modelling
Single-scale models: Runs were made for models based on (1) with MI = 0.02; with q = 0 and qg = 1 ; and with L 1 = 40 200 and 1OOOkm. Fig. 7 is a plot of the AB,,, , amplitude for the symmetric model (q = 0), averaged over the 0.05" bins and normalized to the homogeneous (PREM) model, versus distance for the three values of L 1 . By the criterion introduced above, the maximum wavelength of large-amplitude AB can be approximated by R , the extent in epicentral distance of a large-amplitude region. For L , = 40 km,R is never larger than 0.2", so such a model cannot explain large amplitude ratios at both long and short periods. = 0". Note the triplications in the model runs due to the heterogeneous structure. from the homogeneous model results, higher values lead to more scatter but typically lower medians and means. This scatter manifests itself both in wider 'boxes' and in smallerRs. Fig. 9 is a plot of (reduced) travel time versus epicentral distance for both the symmetric and one-sided models with L , = 200 km. Also included, for reference, is the curve for the unperturbed velocity structure. If M I were greater than 2 per cent, the one-sided residuals would be too large by the criterion given above that residuals not exceed 0.5 s. 
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As can be seen from Figs 7 and 9, the ranges in epicentral distances for which the arnplitude ratio is large coincide with triplications in the travel-time curves. As described above, the upper-limit cut-off for amplitudes and the grouping of amplitudes into 0.05" bins simulates a finite-frequency model calculation which thus reduces the bias of caustics on our statistics. The actual values for the amplitudes near the turning points (the spikes in Fig.  7 ) are accordingly only rough estimates for the actual amplitudes. Note, however, that we consider only the range in epicentral distance in which an amplitude is large, not the precise values, and for the box plots in Fig. 8 , the amplitudes that make up the spikes in Fig. 7 influence the means, but the medians and the widths of the boxes are little affected.
Two-scale models: Runs were made for models based on (2), the two-scale perturbation 
Concluding remarks and conjecture
We find that the dominant scale for the heterogeneity in the D f f layer is about 200 km in lateral extent with a substantial component at scale lengths of about 1000 km. Smaller scale heterogeneities, if they exist, must have magnitudes considerably less than 2 per cent. It is our opinion that a model based primarily on bumps on the core-mantle boundary could not satisfy our data; however, it is possible that the velocity heterogeneity in the lowermost mantle has some expression on that boundary. Starting with the work of Goldreich & Toomre (1969) , almost all estimates of the average viscosity in the lower mantle have been low enough to allow convection (e.g. Wu & Peltier 1983) . If there is lower mantle (or whole mantle) convection, and if the viscosity is temperature dependent in the lowermost mantle, the D" layer could be the lower boundary layer and have a substantially lower viscosity than the mid-mantle. Linear stability analyses by Yuen & Peltier (1980) showed that the D" layer is indeed unstable against the growth of effectively two-dimensional small-scale perturbations with sizes of the order of 100 km. An A region may be one in which there is convection in the lowermost 150 kin of the mantle, and an N region includes all other cases (e.g. regions with no convection or regions which are parts of large-scale convection cells but with little lateral variation locally). In an A region, lowest and highest velocities may correspond respectively t o the upgoing and downgoing h b s of the convection cells. Near unity aspect ratios would occur at our preferred values of L = 200 km. A schematic of such an A region is shown in Fig. 13 . It is uncertain whether these instabilities would result in a true second scale of convective cells aligned perpendicular to the large-scale convection cells, or whether they might serve as seeds for the development of deep mantle plumes (e.g. Boss & Sacks 1985) . The resolution of these issues requires a fully three-dimensional study of the dynamics of the core-mantle boundary layer.
In conclusion, the amplitude anomalies in PKP phases with near-grazing core incidence can be caused by heterogeneous structure at the base of the mantle with a dominant scale of about 200 km spread over regions thousands of kilometres in extent. The smaller scale velocity anomalies are about il per cent and the region has up to a -1 per cent perturbation from the PREM value.
